Abstract: Pyrus betulifolia Bunge belongs to the woody plant family and is an ideal model for studying molecular strategies of iron acquisition and metabolism in strategy I plants. Using polymerase chain reaction amplification technology, a gene encoding a putative ferric chelate reductase (FCR) protein was isolated from P. betulifolia and designated as PbFRO2. This gene was 2166 bp in length with an open reading frame encoding a protein of 721 amino acids. A hidden Markov model for topology prediction of PbFRO2 suggested that there were 10 transmembrane regions (I-X) connected by nine loops. Phylogenetic analyses demonstrated that PbFRO2 had the highest homology with Malus xiaojinensis Cheng & Jiang. Iron starvation induced significant increase in root FCR activity and PbFRO2 expression. The split-root experiment demonstrated that Fe limitation in one portion of the root system triggered significant up-regulation of the PbFRO2 expression in the Fe-sufficient part, suggesting that the PbFRO2 expression was induced by systemic signals. Furthermore, the addition of α-naphthaleneacetic acid was found to strengthen the Fe deficiency-caused up-regulation of the PbFRO2 expression in the roots. By contrast, 1-naphthylphthalamic acid application blocked up-regulation of the PbFRO2 expression. The results indicated that Fe deficiency-induced alterations of the PbFRO2 expression were mediated by auxin.
Introduction
As an important microelement, iron (Fe) has been proven to participate in a series of basic metabolic functions, such as photosynthesis, respiration, and nitrogen fixation (Sun and Guerinot 2007; Briat et al. 2015; Zargar et al. 2015) . As Fe exists in abundance in the earth's crust, the Fe content in the soil should generally meet the growing requirements of plants. However, soil Fe is easily converted to insoluble compounds that cannot be absorbed by plant roots, especially in calcareous soils (Kobayashi and Nishizawa 2012; Martínez-Cuenca et al. 2013) . Therefore, Fe deficiency is a major global agricultural problem that induces chlorotic disorder so as to severely shorten the orchard life span and decrease both yield and fruit quality .
To cope with low Fe stress, plants have to develop two typical reactive mechanisms, a reduction-based strategy (Strategy I) and a chelation-based strategy (Strategy II), to acquire sufficient Fe (Kobayashi and Nishizawa 2012; Briat et al. 2015) . Strategy I plants absorb Fe in a threestep reduction-based Fe uptake mechanism. First, particular H , and finally the expression of transporter IRT1 protein increases, so as to transport the resulting Fe(II) ions from the rhizospheric environment to the root (Ivanov et al. 2011; Kabir et al. 2012; Brumbarova et al. 2015) . Strategy II plants, however, can directly absorb Fe 3+ using phytosiderophore, and then chelate Fe 3+ to form Fe 3+ -PS complexes. For recent reviews, readers are referred to Briat et al. (2015) and Kobayashi and Nishizawa (2012) . In addition, another potential mechanism was the reutilization of stored Fe in vacuoles and the NRAMP3 gene located on the vacuolar membrane that has been reported to play a role in Fe homeostasis in tomato cells (Bereczky et al. 2003) .
A report with Pisum sativum L. implied that an Fe deficiency-induced response was regulated by the initial root-origin signal under Fe-deficient conditions (Kabir et al. 2013) . Conversely, some studies suggested that the regulation of Fe-starved adaptive responses depended on systematic semaphore (Bacaicoa et al. 2009; Wu et al. 2012) . By making use of split-root systems, it was shown that the levels of FRO2 and IRT1 expression could be stabilized by a remote signal from the shoot when the Fe status of the plant was low (Vert et al. 2003) . In tomato plants, it was found that Fe limitation in one portion of the root system enhanced proton extrusion from the Fe-sufficient portion (Schmidt et al. 2003) . Removal of the shoot apex in bean and cucumber plants arrested the increase of Fe deficiency-induced proton extrusion in roots (Li et al. 2000) . A similar observation was also made by decapitation of the shoot tip, leading to arrested increase in both root ferric chelate reductase (FCR) activity and H + efflux-induction by Fe shortage in M. xiaojinensis, indicating that the shoot tip played a crucial role in the regulation of the Fe-limited responses (Wu et al. 2012) . Plant hormones have been proven to be involved in the regulation of Fe deficiency responses. Under Festarved stress, auxin acts positively in the induction of the AtFRO2 expression (Chen et al. 2010) . Gibberellin acid (GA) also contributes to the induction of IRT1 and FRO2 via FIT-dependent or -independent pathways (Matsuoka et al. 2014) . A more in-depth study showed that GAsignaling DELLA repressors, known as negative regulators of GA signaling, hindered growth of the initial roots and blocked the transcript of FIT and other Fe-related transcription factors (Wild et al. 2016) . Another recent research showed that the expression of IRT1 was regulated by auxin-ethylene interaction along the Fedeprived roots in Arabidopsis thaliana (L.) Heynh. (Blum et al. 2014 ). The addition of 1-aminocyclopropane-1-carboxylic acid (ACC) or 2-chloroethylphosphonic acid induced up-regulations of the CsFRO1, CsIRT1, and CsHA1 expression levels and strengthened FCR activity during early stages of Fe starvation (Waters et al. 2007 ). In contrast, treatment with a brassinosteroid arrested the CsFRO1 and CsIRT1 expressions in a low-Fe environment . The phytohormone auxin is known to trigger the root Fe-stress responses at the transcriptional and functional levels, whereas the results with abscisic acid (ABA) treatment were less conclusive (Bacaicoa et al. 2011; Briat et al. 2015) . Some recent studies showed that the expression levels of iron-related CS and NAS genes in M. xiaojinensis was strongly affected by auxin treatment, but weakly by ABA treatment (Han et al. 2013a (Han et al. , 2013b Yang et al. 2015) . Fe deficiency also induced an increase of auxin level in the shoot apex in M. xiaojinensis, and exogenous addition of α-naphthaleneacetic acid (NAA) to the shoot tips could enhance Fe-starved responses, indicating that auxin may participate in the regulation of original signals that mediate the Fe-limited responses (Wu et al. 2012) .
In Northern and Northwestern China, P. betulifolia is used as a pear rootstock and accounts for over 80% of pear production. However, chlorosis due to Fe deprivation occurs in this rootstock. Until now, most studies have paid close attention to the prevention and correction of the chlorosis disorder by planting practices, such as foliar spraying with iron, injection liquid iron to the trunk, and applying iron fertilizer to the soil, but the effectiveness is ungratified as those areas exist in lime soil and with high pH. Hence, it is necessary to disclose the molecular mechanism of Fe uptake by P. betulifolia so as to provide a strong foundation for a valuable trail to further investigation on the adaptation mechanisms to Fe deficiency in this widely-used species.
Materials and Methods

Plant materials and growth conditions
Seedlings of P. betulifolia with 3-5 leaves were transferred to an aerated, half-strength, Hoagland nutrient solution for 1 wk. Thereafter, the solution was switched to a standard Hoagland nutrient solution with pH 6.3 (Fe source: Fe 3+ -EDTA), which was replaced once a week. These plantlets were incubated at a light intensity of 2000 lux and at 60%-80% relative humidity, and the culture condition was set to a regime of 23-25°C during the day and 19-21°C at night with a 14 h light and 10 h dark cycle. At the 8-to 10-leaf stage, the plants were treated with different Fe-concentration solutions: 4 μM Fe 3+ -EDTA for the Fe-starved treatment and 40 μM Fe 3+ -EDTA for the control. The root samples were collected at 0, 1, 3, 6, and 9 d. After 9 d of Fe-starved treatment, the solution was supplied with 40 μM Fe 3+ -EDTA. The root samples were collected at 10-12 d after treatment. Each treatment was carried out in three replicates. The samples were immediately frozen in liquid nitrogen and stored at −80°C for RNA isolation.
The split-root experiment
The root system was split into two portions and kept in separated compartments filled with an aerated Hoagland nutrient solution containing different Fe concentrations (4 μM or 40 μM): (i) both portions were supplied with sufficient Fe (40 μM); (ii) one part remained as before, whereas the other portion was cultured with Fe-limited solution (4 μM); and (iii) the Fe-starved part was removed after the low-Fe treatment was performed for 1-5 d respectively, and the other part was still kept in the Fe-sufficient solution.
Shoot apex treatment with NAA and NPA Based on different Fe-concentration treatments, shoot apex removal and the extrinsic NAA or 1-naphthylphthalamic acid (NPA) were applied. The following four treatments were performed: (i) Fe deficiency without or (ii) with the shoot apex removal; (iii) applying NAA with Fe deficiency; and (iv) addition of NPA with Fe limitation. The roots of the Fe-sufficient part were sampled 6 d after treatment.
Analysis and visualization of the FCR activity
The spatial localization of the FCR activity was visualized by embedding the roots in an agar (0.7%, w/v) medium containing 0. 
Auxin measurement
Approximately 300 mg of new roots were ground to fine powders. The samples were then extracted with 80% cold methanol, centrifuged, filtered, vacuum concentrated, and stored at 4°C overnight (pH 2.8). Next, the solution was extracted three times using petroleum ether (1:1 v/v) and ethyl acetate (1:1 v/v), respectively. The fluid was evaporated to dryness, the residue was dissolved with 2 mL ethanol and the supernatant was filtered through a 0.45 mm filter. Finally, 20 μL was injected for auxin analysis at 254 nm using a Waters high performance liquid chromatography (HLPC) system equipped with an ultraviolet detector (Waters 2487, Waters Corporation, Milford, MA) . The HPLC solvent system was methanol and water (6:4 v/v, pH 3.5). The column was a reversed-phase C18 column (150 mm × 4.6 mm, Sigma Aldrich, St. Louis, MO) and the flow rate was 1.0 mL min −1 (Wu et al. 2012) .
Isolation and expression analysis of PbFRO2 by qRT-PCR
Total RNA was isolated from a lateral root, young leaf (newly unfolded), mature leaf (fully expanded), xylem, and phloem of the stem using the cetyl trimethylammonium bromide (CTAB) method with some modifications, and the DNA was digested at 25°C for 15 min using DNase I (Tiangen, Beijing, People's Republic of China). The concentration and purity of each RNA sample were determined using a Nanodrop 2000 spectrophotometer and agarose gel electrophoresis.
To obtain the first-strand cDNA, 1 μg of DNase-treated RNA was reverse transcribed using an oligo-dT primer and reverse transcriptase (Tiangen) in a reaction volume of 20 μL. Based on the homologous regions of PbFRO2, a pair of specific primers, F:5′-AGATGGTTT CCACTTCAAGTC-3′ and R:5′-GTAGTTTGAGGTTTACCA ACTG-3′, was designed to amplify PbFRO2. Amplification of the cDNA clone was performed at 94°C for 2 min, followed by 35 cycles at 94°C for 30 s, 57°C for 30 s, and 72°C for 2 min, with a final extension at 72°C for 10 min. The amplified polymerase chain reaction (PCR) products were purified and subcloned into the pMD19-T Vector (TaKaRa, Dalian, People's Republic of China). Three positive clones were sequenced, respectively.
The quantitative real-time PCR (qRT-PCR) expression profiling of PbFRO2 was performed using the fluorescent intercalating dye SYBR (TaKaRa) in a reaction mixture volume of 20 μL. Primers were designed by the Primer Express 3.0 software to generate 50-150 bp amplification products and to avoid the superfamily regions. The designed qRT-PCR primers for PbFRO2 genes for qRT-PCR were the following: Fr2-F, 5′-GCGGAGGAAGCGGTATTA-3′ and Fr2-R, 5′-CCGAAACGGGAAGGATTA-3′. The P. betulifolia β-Actin gene (GenBank accession number: KT943411) was used as a reference gene. The primers were ACT-F, 5′-TTGGTATGGGTCAGAAGG-3′ and ACT-R, 5′-CTGTGA GCAGAACTGGGTG-3′. The PCR procedure was performed as follows: 30 s template predenaturation at 95°C, 15 s template denaturation at 95°C, 15 s primer annealing at 59°C, and 30 s primer extension at 72°C for 40 cycles, followed by the melting curve analysis. Each PCR reaction was carried out in triplicate. The relative expression was calculated by the comparative Ct method (Zhang et al. 2010) .
DNA sequencing and protein analysis
The open reading frame of PbFRO2 gene and its deduced protein sequence were analyzed using OFR Finder (https://www.ncbi.nlm.nih.gov/orffinder/). The conserved domain and protein motif analysis were determined by SMART (http://smart.embl-heidelberg.de/) and Motif Scan (http://myhits.isb-sib.ch/cgi-bin/motif_scan), respectively. Extraction of nucleic acid sequence was performed using TBtools (http://cj-chen.github.io/tbtools/ Introduction/). Multiple alignments of amino acid sequences were performed using MAFFT and visualized with the TeXshade package. The phylogenetic trees were generated in MEGA 4.0 using the NJ method with 1000 bootstrap replicates.
Results
Isolation and characterization of PbFRO2 gene
Total RNA samples were extracted from the roots. A 2166-base pair open reading frame, encoding a deduced protein of 721 amino-acid residues with a predicted molecular mass of 81.03 kDa and a theoretical isoelectric point of 9.25, was cloned from P. betulifolia by PCR. The putative PbFRO2 protein contained 289 hydrophobic amino acids, 197 polar amino acids, 50 strongly acidic (−) amino acids, and 65 strongly basic (+) amino acids. As shown in Fig. 1 , a hidden Markov model for topology prediction of PbFRO2 suggested that there were 10 transmembrane regions (I-X) connected by nine loops and both N-and C-termini were located in the cytosol. Four invariable heme-binding histidines (His 218 , His 223 , His 232 , and His 292 ) were located in transmembrane helices V and VII, whereas the oxidoreductase signature sequence (OxSS) was located in the transmembrane domain VIII. In addition, the predicted PbFRO2 protein contained a NADPH-binding motif (GPYG) and FAD-binding site (LQWHPF) (Fig. 2) . Sequence alignment indicated that PbFRO2 shared 97% homology with M. xiaojinensis MxFRO2 (ABU54827.1). However, PbFRO2 shared only 58% amino acid similarity to Lycopersicon esculentum Mill. LeFRO1 (NP_001234329.1) and 52% homology with Arabidopsis thaliana AtFRO2 (NP_171664.1).
Structure and phylogenetic relationship of the PbFRO2 protein
To investigate the evolutionary relationships between the PbFRO2 protein and other FRO proteins, all of the known Arabidopsis FROs, yeast FROs, MxFRO2, LeFRO1, and PsFRO1 were selected from GenBank for phylogenetic analysis. The results indicated that these proteins can obviously be classified into two groups. The yeast FRO proteins clustered in this group were clearly distinguished from the Fe(III)-chelate reductase class of plants. PbFRO2 protein together with MxFRO2, LeFRO1, PsFRO1, and Arabidopsis FRO proteins formed another group, which suggested PbFRO2 should be a member of plant FRO subfamily. In addition, PbFRO2 protein had the closest evolutional relationship with the M. xiaojinensis MxFRO2 proteins (Fig. 3) .
Influence of Fe availability on root FCR activity and PbFRO2 expression
To understand the mechanism of P. betulifolia in response to low Fe stress, root FCR activity and PbFRO2 expression closely associated with Fe deficiency were determined. Under Fe-sufficient conditions, no significant changes were found in root FCR activity and PbFRO2 expression during the entire treatments. However, only an addition of 4 μM Fe into the culture solution could induce a substantial increase in root FCR activity and PbFRO2 expression. After 6 d of Fe-deficient treatment, the levels of both root FCR activity and PbFRO2 expression reached the peak (about 3.4-and 4.7-fold of the original level, respectively) (Figs. 4A, 4B) . Additionally, by color development due to Fe 2+ -chelation ferrozine, the results showed that root FCR activity was extremely weak under Fe-sufficient conditions, but on d 6 with low Fe stress, root FCR activity significantly increased (Fig. 4C) . Furthermore, after the 9-d-old roots of Fe-starved plants were transferred to a Fe-sufficient culture solution, the root FCR activity and PbFRO2 expression began to increase and reached peak levels after 1 d of Fe supply, and then dropped at d 12 (Figs. 4A, 4B ). These results demonstrated that root FCR activity and PbFRO2 expression were significantly regulated by Fe deficiency, implying that the PbFRO2 gene was involved in response to low Fe stress.
PbFRO2 expression induced by Fe-deprivation-activated systemic signals
The split-root technique was conducted to further investigate whether or not the alteration of the PbFRO2 expression in the roots was mediated by Fe-deprivationactivated systemic signals. The root system of P. betulifolia plants was equally divided into two portions: one part was switched to the Fe-deprived culture solution and another was cultured with sufficient Fe. As shown in Fig. 5A , the PbFRO2 expression in Fe-limited half roots was significantly up-regulated. Interestingly, the same result was detected in another portion supplied with sufficient Fe, suggesting that the induction of PbFRO2 expression in roots was regulated by Fe-deprivationactivated systemic signals.
Furthermore, the hypothesis that the intensity of the PbFRO2 expression in Fe-sufficient half roots may require continued existence of the primary trigger from the Festarved part was formulated. To prove this hypothesis, a more refined experimental treatment was set up, where the roots in the Fe-deprived part were removed at various times after the Fe-limited treatment performed. As shown in Fig. 5B , the minimum length of time for removing Fe-shortage-treated portion roots which induced a substantial up-regulation of the PbFRO2 expression in Fe-sufficient portion roots was about 2 d. However, no significant increase in the PbFRO2 expression was found if the Fe-deficiency-treated part of the root system was removed at day 3 or later. These results suggested that it may require a certain amount of systemic signals rather than a sustained presence of global signals to trigger the Fe-deprived-induced responses and increase the PbFRO2 expression in roots concomitantly.
Expression profiling of PbFRO2 regulated by auxin
To investigate the effects of auxin on the PbFRO2 expression, a 6-d Fe-deficient treatment was selected for further analyses, at which the level of PbFRO2 expression could be maximally induced. We examined whether shoot tip was involved in the induction of the PbFRO2 expression during Fe deficiency. As shown in Fig. 6A , decapitation of the shoot apex completely blocked an increase in the PbFRO2 expression activated by Fe limitation in roots. In addition, an enhancement of more than 200% increase in auxin accumulation in roots of Fedeprived plants compared with that in Fe-sufficient roots. As expected, removing the shoot apex arrested the increase of auxin levels in roots, suggesting a critical A two-dimensional transmembrane topology plot for PbFRO2 amino acids, predicted by FRO protein sequence alignment and the two predictive algorithms, TMMTOP and Phobius, showing 10 transmembrane domains (TMDs) located between the two solid lines and numbered with Roman numerals (I-X), predicted intracellular C-and N-terminal regions. The heme-binding histidines are marked with green square, whereas the NAD(P)H oxidoreductase signature sequence (OxSS) are highlighted with blue circle. The topology was plotted using the TeXtopo package. [Colour online.] role for auxin in the induction of the PbFRO2 expression during Fe deficiency (Fig. 6B) . To further study the role of auxin in activation of the PbFRO2 expression, NAA (a permeable auxin analog) or NPA (an auxin transport inhibitor) was added. As shown in Fig. 6A , the Feshortage-triggered PbFRO2 expression was further enhanced by incubation with NAA, but was strongly blocked by NPA. These results demonstrated that the expression of PbFRO2 in the roots was significantly regulated by auxin, indicating that auxin may be a promising candidate as a systemic signal molecule involved in transmission of Fe-starved information. Fig. 2 . Sequence alignment among the plant FRO proteins. The FAD-binding site is marked with green box and the NADPHbinding motif is in the blue box. Additionally, sky blue shaded residues denoted non conserved positions, lime green shaded residues denoted ≥50% conserved positions, and red-orange shaded residues denote ≥80% conserved positions. The sequence alignment was generated using MAFFT and the figure was created with the TeXshade package. [Colour online.] 
Discussion
In Strategy I plants, the essential element of the reduction-based mechanism is a ferric chelate reductase that pertains to the FRO superfamily . Previous reports have demonstrated that FRO genes were widely distributed in A. Thaliana, tomato, M. xiaojinensis, and pea (Robinson et al. 1999; Waters et al. 2002; Li et al. 2004; Zha et al. 2014) . In this study, an FRO protein gene, designated as PbFRO2, was successfully isolated from P. betulifolia, the most important species widely used as a pear rootstock in the People's Republic of China. PbFRO2 showed a high similarity to the model of FRO in pea (Waters et al. 2002) and contained a FADbinding site and NADPH-binding motif (Waters et al. 2002; Li et al. 2004) . As PbFRO2 polypeptide showed the highest level of identity with MxFRO2, it seems to have a close evolutionary relationship with M. xiaojinensis, although both belong to different genera. Our results will surely enrich the information on the plant FRO pool and contribute to clarify the relationship between FRO from P. betulifolia and those from other plant species.
In alkaline or calcareous soils, plants are resistant to low Fe stress by evolving different mechanisms to promote Fe uptake . Many experiments with okra, cucumbers, M. xiaojinensis, and Medicago truncatula Gaertn. have proven that Fe deficiency could induce a substantial increase in root FCR activity as well as relevant gene expression in roots (Andaluz et al. 2009; De Nisi et al. 2012; Kabir et al. 2014; Zha et al. 2014) , or reduce the up-regulation of the expression of the NtFRO1 gene with tobacco (Enomoto et al. 2007) . Moreover, the spatio-temporal alteration of FCR activity upon Fe starvation could be visualized by using a spatial localization technique of the FCR activity (De Nisi et al. 2012; Zha et al. 2014) . In the present experiment, it was found that Fe deficiency could definitely induce a substantial increase in root FCR activity and PbFRO2 expression, and FCR activity significantly increased during the Fe-limitation treatment. Moreover, the addition of Fe to Fe-deprived roots could recover the induction of FCR activity and PbFRO2 expression, implicating that Fe status in the soil can be crucial for Fe absorption by P. betulifolia.
Previous studies have revealed that Fe starvation results in the induction of Fe uptake-related gene transcripts, such as AHA7, CsFRO1, CsHA1, CsIRT1, LeFRO1, MxFRO2, and MxHA7 (Vert et al. 2003; Li et al. 2004; De Nisi et al. 2012; Zha et al. 2014) . Fe efficiency responses of one part may arise from another part of a plant, indicating that a systemic signal could mediate the Festarved responses (Romera et al. 1992; Wu et al. 2012 ). In our split-root experiment with P. betulifolia, the existence of systemic signals was further demonstrated. As the PbFRO2 expression was remarkably mediated by Fe- 
starvation-induced systemic signals, it might be helpful to figure out a way to evaluate the resistance of P. betulifolia seedlings to different Fe-deficient stresses, so as to screen out more appropriate rootstocks as soon as possible. More evidence from sunflower, cucumber, and bean plants has also shown that the shoot-derived auxin may participate in the regulation of adaptive responses to Fe shortage, assuming that a signal coming from the shoot tip was involved in response to Fe deficiency stress responses (Kobayashi and Nishizawa 2012) . The direction of polar auxin transport is from the shoot to the root (Kabir et al. 2013 ). In addition, Fe deprivation induced a significant increase of auxin production in M. xiaojinensis (Wu et al. 2012) . For this reason, the plant hormone auxin was considered as a signal in the regulation of the Fe-deficiency responses (Bacaicoa et al. 2011; García et al. 2012) . In contrast, some other studies found that application of auxin analogue cannot boost the induction of FCR activity in the roots (Schmidt et al. 2000 (Schmidt et al. , 2003 Schikora and Schmidt 2001a) . Our results demonstrated that removal of the shoot tip inhibited the upregulation of PbFRO2 transcript in the roots and application of NAA could intensify the PbFRO2 transcript level. However, application of NPA could block the increase in the root PbFRO2 expression (Fig. 6A) . These results supported the point of view that the PbFRO2 transcript was undoubtedly induced by auxin. 
